Check for
updates

Addressing the challenge of carbon-free energy

Richard Eisenberg®'2, Harry B. Gray™“?, and George W. Crabtree®<?

?Department of Chemistry, University of Rochester, Rochester, NY 14627; PDivision of Chemistry and Chemical Engineering, California Institute of
Technology, Pasadena, CA 91125; “The Beckman Institute, California Institute of Technology, Pasadena, CA 91125; %Joint Center for Energy Storage
Research, Argonne National Laboratory, Lemont, IL 60439; and “Department of Physics, University of lllinois at Chicago, Chicago, IL 60607

Edited by David A. Weitz, Harvard University, Cambridge, MA, and approved August 19, 2019 (received for review April 4, 2019)

This century will witness a major transformation in how energy is
acquired, stored, and utilized globally. The impetus for this change
comes from the deep impacts that both developed and developing
societies have had on our planet's environment during the past
century, and the projections going forward of what will happen if
we do not act transformatively within the next 2 decades. This paper
describes the basis for a meeting held in October 2018 on the need
for decarbonization in our energy landscape, and specifically the
status and challenges of the science that provides the foundation
for such technology. Within the realm of decarbonization in energy
generation lies the science of solar energy conversion using new or
improved photovoltaic materials and artificial photosynthesis for
water splitting and other energy-storing reactions. The intimately
related issue of renewable energy storage is being addressed with
new strategies, materials, and approaches under current investiga-
tion and development. The need to improve the interactions between
scientists working on these connected but separately considered chal-
lenges and on the transition of scientific achievement to practical
application was also addressed, with specific efforts enumerated.
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he current century will witness a major transformation in how
energy is acquired, stored, and utilized globally. At this point,
nearly one-fifth of the way through the 21st century, changes are
clearly discernible but more profound ones are still to come. The
challenges we face in carrying out these transformations range
from scientific and technological to societal, cultural, and economic
in how we live, work, and play. The impetus for these changes
comes from the deep impacts that both developed and developing
societies have had on our planet’s environment during the past
century and the projections going forward of what will happen
globally if we do not act. Real and projected urbanization together
with growing global population make it clear that we must act now.
The impact of industrialization and modern society on the
world-wide environment has been written about and discussed ex-
tensively. The bellweather statistics of the amounts of CO, in the
global atmosphere and the increase in average global temperatures
since the dawn of the industrial age coupled with projections of these
data under different scenarios by climatologists, environmentalists,
and geoscientists have been the basis of debate and have led to
suggested paths of action to be undertaken by interconnected parties.
In October 2018, the Intergovernmental Panel on Climate Change
(IPCC) issued an updated analysis (1) of the worldwide situation with
a more dire projection of global warming than it presented earlier
(2). In this latest report, the IPCC stressed the need to keep the
average temperature increase to less than 1.5 °C over the next 15 y:

Pathways consistent with 1.5 °C of warming above pre-industrial
levels can be identified under a range of assumptions about eco-
nomic growth, technology developments and lifestyles. However, lack
of global cooperation, lack of governance of the required energy and
land transformation, and increases in resource-intensive consumption
are key impediments to achieving 1.5 °C pathways. ... Under emis-
sions in line with current pledges under the Paris Agreement (known
as Nationally Determined Contributions, or NDCs), global warming
is expected to surpass 1.5 °C above pre-industrial levels, even if these
pledges are supplemented with very challenging increases in the scale

www.pnas.org/cgi/doi/10.1073/pnas.1821674116

and ambition of mitigation after 2030. ... This increased action would
need to achieve peak CO, emissions in less than 15 years.

The urgency of addressing climate change is a central feature of
the IPCC report. To avoid the worst consequences of climate
change, global carbon emissions must peak by 2020 to 2030, de-
cline to zero by 2050, and become negative (i.e., we must remove
carbon dioxide from the atmosphere) beyond 2050 (figure SPM3a
in ref. 1). Global carbon emissions for the last 2 y show the
opposite behavior (Fig. 1). After a long period of declining in-
creases in emissions and 3 y of nearly flat emissions, it seemed
possible that we had reached the peak and would be heading for
a downturn. Instead, emissions rose 2.0% in 2017 and 2.7% in
2018, nearly the largest increases since 1990 (3).

It is evident that a common denominator in efforts to control
climate change and the critical factor of atmospheric CO, levels is
the urgent need to decarbonize global energy, while fulfilling en-
ergy needs for worldwide development. As recently as 2016, more
than 80% of the energy generated worldwide came from carbon-
containing fossil fuels (oil, coal, and natural gas). Although the
increased use of natural gas to replace coal may be viewed as a
positive step, leakage of methane into the environment serves to
undo the benefit of its use since methane is a more potent green-
house gas than CO,. While the most recent IPCC report (1) fo-
cuses on the need for overall strategies and policies, it falls short on
specific ways to achieve the needed zero-carbon energy technology
and its underlying science.

On October 10 through 12, 2018, a symposium was held by the
National Academy of Sciences under the auspices of its Sackler
Colloquium program, “Status and Challenges in Decarbonizing our
Energy Landscape.” The emphasis of this meeting was to present
and discuss ongoing science and needed areas of research in order
to achieve removal of carbon from our energy sources. While the
symposium dealt with energy research at its most fundamental level,
it also highlighted possible ways forward for the production and
storage of zero-carbon energy as envisioned by experts in the field.
Additionally, the meeting provided a platform for interaction and
discussion among participants having widely different perspectives.

The colloquium opened with a lecture entitled “Accelerating
the Clean Energy Transformation,” by former Secretary of En-
ergy Ernest Moniz (2013-2017) under the National Academy of
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Fig. 1. Global carbon dioxide emissions from fossil fuel combustion are rising
at a pace nearly equal to the largest in the past 30 y. This sharp rise follows 3 y of
nearly flat emissions, 2014 through 2016, and indicates we are well above a tra-
jectory needed to keep warming below 1.5 °C. Data from ref. 32 (Global Carbon
Budget 2018, https://ww.globalcarbonproject.org/carbonbudget/18/files/GCP_
CarbonBudget_2018.pdf, frame 9). Adapted with permission from the Common-
wealth Scientific and Industrial Research Organisation, licensed under CC BY 4.0.

Sciences Distinctive Voices Program. The subsequent presentations
were divided into 4 sessions which dealt with renewable energy
storage and solar energy conversion into electrical energy or fuels
under the rubric of artificial photosynthesis. The subjects covered
the state of photovoltaics (PVs), current and projected battery
developments, solar-driven water splitting, artificial photosynthe-
sis, and nonfossil hydrogen and hydrocarbon fuel generation, as
well as other topics. The energy decarbonization challenge extends
into every facet of life today. In 2016, less than 20% of the energy
produced globally went to electricity generation, with other large
sectors of energy utilization including transportation and industrial
production using 80%. Renewable energy storage and use in all of
these sectors need to be addressed through new and evolving
science and technology.

The Sackler Colloquium presentations and speakers are listed
below in order of presentation over the 4 sessions:

Innovations to Accelerate the Clean Energy Transformation,
Arun Majumdar, Stanford University

Developing New Catalysts and Sustainable Processes for the
Production and Use of Fuels and Chemicals, Thomas Jaramillo,
Stanford University

Cost-Targeted Design of Redox Flow Batteries for Grid Stor-
age, Fikile Brushett, Massachusetts Institute of Technology

Leveraging Solid State Proton Conductors for Electrochemical
Energy-Conversion Technologies, Sossina Haile, Northwestern
University

The Terawatt Challenge in Solar Energy Conversion and the
Role of Storage, David Ginley, National Renewable Energy
Laboratory (NREL)

Organic-Based Aqueous Flow Batteries for Massive Electrical
Energy Storage, Michael Aziz, Harvard University

Alternative Aqueous Batteries as Grid Scale Electrochemical
Energy Storage Solutions, Linda Nazar, University of Waterloo

Meeting the Growing Need for Long Duration Energy Stor-
age, Yet-Ming Chiang, Massachusetts Institute of Technology

Opportunities, Challenges and Missteps in Hydrogen Produc-
tion, John Turner, NREL
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Solar at Scale: A Perspective from the Trenches, Raffi Garabedian,
First Solar

Our Chemicals and Liquid Fuels, Karen Goldberg, University
of Pennsylvania

Biofuels: Still Needed after All These Years, Lee Lynd,
Dartmouth University

Carbon Negative Solar Fertilization and Land Restoration,
Daniel Nocera, Harvard University

Pathways for Carbon Dioxide Transformations Using Sunlight,
Harry Atwater, California Institute of Technology

Solar Solved—Next, Carbon Negative Technology, Eli Yablo-
novitch, University of California, Berkeley

Making Solar Fuels, Tom Meyer, University of North Carolina

The Sackler Colloquium presentations can be viewed on YouTube
(https:/www.youtube.com/playlistlist=PL GJm1x3XQeK3MBYIldrPidvT-
RRCNVh-QJ). Both Moniz and Majumdar helped to frame the
current situation and the importance of fundamental research
in coordination with a support and funding structure that
stimulates innovation and potentially disruptive technologies. It
is not just a case of thinking outside the box; rather, it is a
structure and culture that encourages being and doing outside the
box. The issue of renewable energy storage was analyzed from a
number of perspectives including solid-state batteries and electro-
chemical couples of various types, as well as liquid flow batteries in
which 2 solutions of different redox agents flow over a common
membrane that is permeable for positive ion migration while
electrons proceed through an external circuit at a certain potential
to do work. The cost of elements comprising the redox couples in
batteries of all types is an important consideration in these dif-
ferent approaches, as are other factors such as electron and ion
charge transfer dynamics, component separability, and system
durability. All of these issues are being addressed in ongoing research.

A dominant trend in energy storage is the multitude of appli-
cations that are emerging as the electricity grid and transportation
are transformed to address climate change, increase performance,
and reduce cost. Storage applications for battery electric vehicles,
renewable electricity integration, distributed energy resources,
smart energy management, and electric flight for air taxis, package
delivery, and short-haul passenger service were beyond the tech-
nology frontier even a decade ago. Conventional lithium-ion bat-
teries have become dominant in the market owing in part to their
dramatic drop in price, but they face important cost and perfor-
mance challenges to fill expanding needs. Increasingly, attention is
turning to significant changes in the basic lithium-ion platform such
as solid-state electrolytes and anodes based on lithium, magne-
sium, zinc, or calcium metal, and to even more disruptive inno-
vations such as cathodes based on molecular oxygen or sulfur
instead of crystalline transition metal sulfides, oxides, and phos-
phates or to flow batteries replacing vanadium with more complex
and versatile organic redox agents.

One promising advance is a new kind of lithium—oxygen battery
capable of 700 cycles that operates in ordinary air (4). The very
high theoretical energy density and low materials cost of lithium—
oxygen batteries are attractive for many applications including
electric vehicles, long-haul freight trucks, and electric flight. The
new battery uses nanoflakes of MoS, as support for the oxygen
cathode, a Li,COj; protective layer on the lithium metal anode,
and an ionic liquid as the electrolyte, illustrated in Fig. 2. These
novel features address the major challenges of lithium-oxygen
batteries: dendrite growth on the lithium metal anode, side reac-
tions of the anode and cathode with moisture, carbon dioxide and
nitrogen in air, and dissolution and eventual side reactions of the
discharge product Li;O; in the liquid electrolyte. The new battery
operated for more than 700 cycles with no sign of side reaction
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Fig. 2. Distinctive architecture of Li-air battery capable of operation over 700
cycles in air containing water vapor, carbon dioxide, and nitrogen in atmo-
spheric concentrations. Detrimental side reactions are prevented by 3 innova-
tions: a Li,CO3 protective layer for the Li-metal anode, a stable ionic liquid
electrolyte, and a MoS, support for the cathode that catalyzes the discharge
reaction and binds the Li,O, discharge product. Reprinted by permission of ref.
4, Springer Nature: Nature, copyright 2018.

products at the anode or cathode. Extensive density functional
theory and molecular dynamics simulations revealed the atomic-
and molecular-level origins of the unusual kinetic and thermody-
namic stability of the battery.

Aqueous electrolytes are getting renewed attention for their
low cost, superior solvation performance, and high ionic mobil-
ity, as discussed by Nazar for grid-scale applications (5). Brushett
discussed new redox-active organic polymers for flow batteries
that can significantly reduce cost and raise performance (6). Flow
batteries, while not conceptually new, have stimulated much new
research over the past decade for their use in renewable energy
storage (Fig. 3). Key questions involve the media in which they
operate (aqueous or organic), the solvation environment sur-
rounding the active ions, and the durability of their redox couples.
These aspects provide research challenges at a number of levels,
all directed to cost-effective energy storage at scale (7). Both the
mass and volume energy densities of flow batteries render them
more suitable for stationary energy storage than mobile applica-
tions based on electric vehicles.

Chemical stability of organic flow batteries in which the redox
active couples are reversible 1-electron agents such as viologens
and 2-electron pairs such as quinone/hydroquinone systems re-
presents a genuine challenge, but one that offers new possibilities
for eventual implementation (8, 9). There was also discussion of
related fuel cells based on H, by Haile and a new long-duration
flow battery by Chiang based on inexpensive, Earth-abundant
S, O,, and water (10, 11). The low materials cost of this battery

enables storage of large amounts of energy for long-duration
discharge economically feasible (Fig. 4).

Following the first day of lectures, there was a wide-ranging
panel discussion on the subject of renewable energy storage that
included the scientific, materials, and technology challenges that
must be met to enable the widespread integration of variable wind
and solar electricity on the grid and of battery and fuel cell vehi-
cles in transportation. The urgency to achieve aggressive decar-
bonization goals in the next 15 y was central to these discussions.

During the second day of the meeting, the focus shifted to solar
energy conversion into electricity directly using PV materials and
assemblies, or into stored chemical energy via photosynthesis. The
growth of photovoltaic installations during the past decade has
been enormous, while price points per kilowatt hour have become
competitive with electrical energy obtained from fossil fuels. The
technological key to this result has been the ability to produce PV-
grade silicon in huge quantities, mainly in China. Thin-film PVs
composed of coatings containing copper—indium—gallium-selenide
and GaAs have the promise of substantially greater efficiency
but are also at this time more expensive to produce. Talks by
Garrabedian of First Solar and Atwater of the Department of
Energy’s Joint Center for Artificial Photosynthesis indicated that
such systems are approaching the theoretical Shockley—Quiesser
limit for the conversion of light into electrical energy in a single
junction system (12, 13). Yablonovich, whose work on thin-film
GaAs is also notable (14), considers that with such a construct in
hand the fundamental scientific challenge associated with widespread
use of PV materials may have been met, although cost remains a
key problem.

While natural photosynthesis leads ultimately into stored chem-
ical energy in the form of carbohydrates, it is the reduction of
protons together with the generation of oxygen from water that
provides stored chemical potential. Whereas other possible light-
driven energy-storing reactions exist under the rubric of artificial
photosynthesis, it is light-driven water splitting into hydrogen and
oxygen that is the main focus of current research. Even in natural
photosynthesis, energy storage involves the key steps of water oxi-
dation to O, and proton reduction (in the conversion of NADP™ to
NADPH). Subsequent CO, reduction occurs through dark reac-
tions proceeding by thermodynamically favorable chemistry, meaning
that light is not required for CO, incorporation into carbohydrate
products once reducing equivalents in the form of NADPH have
been generated. While other energy-storing reactions have been
proposed and examined for artificial photosynthesis, none has been
found to have the qualities and utility of water splitting for energy
storage. This is especially true if the energy-releasing reaction is

iy
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Fig. 3. Organic redox flow batteries based on verstile core motifs such as oligoethylene oxides, to which low and high potential redox centers can be appended
to produce order-of-magnitude increases in volumetric capacity and prevent degradation of redox stability. Reprinted with permission from ref. 8. Copyright 2018

American Chemical Society.
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Fig. 4. Installed cost of long-duration storage by pumped hydropower stor-

age (PHS) and compressed air energy storage (CAES) compared to the installed
cost of Li-ion and vanadium redox-flow batteries (VRFB) and the chemical cost
of the materials for air-breathing aqueous sulfur flow batteries. Reprinted
from ref. 10, with permission from Elsevier.

carried out employing hydrogen fuel cell technology (discussed
below).

The main challenge with light-driven water splitting arises in the
catalysis of both half-reactions—H, formation from water and
water oxidation to O,—that can be deleterious to catalyst stability
over the long run. For the water oxidation half-reaction, the pro-
cess may involve generation of reactive oxygen species that can
attack the catalyst to render it inactive. In their lectures, Meyer
described his efforts on the subject using photoelectrosynthetic

cells (Fig. 5; refs. 15 and 16), while Nocera recounted briefly his
research on the artificial leaf that generates H, and O, employing
a Si-based light absorber with the necessary reducing and oxidizing
equivalents (17). However, in artificial leaf research it was found
that cost and stability factors for the light absorber are too high for
translation into practical technology at this time.

The dye-sensitized photoelectrosynthesis cell illustrated in Fig.
5 integrates high-bandgap, nanoparticle oxide semiconductors
with the light-absorbing and catalytic properties of designed
chromophore—catalyst assemblies to give water splitting. Addi-
tional modification to the cathodic compartment of the cell to
employ the reducing equivalents of H; for the conversion of CO,
into organic oxygenate fuels are also being conducted (16). It is
worth noting that while efforts to use anthropogenicly produced
carbon dioxide for materials and polymers are in progress, the
amounts of CO, produced in the course of energy production is
far greater than is needed in materials and polymer applications.

Another approach, which was presented by Jaramillo, follows a
path in which the efficiency of current and near-future PV tech-
nology is coupled with separate water electrolyzers for H, and O,
generation, rather than via a single integrated light absorber-
catalytic system (18). This would combine the necessity of large-
area PV light absorbers for relatively diffuse solar energy with the
efficiency of a more centralized electrochemical reactor for mak-
ing H, and O,. With PV prices declining rapidly, the challenge
then becomes the cost and efficiency of the water electrolyzer.

Although hydrogen as a fuel has many positive attributes—it
generates the most energy of any chemical fuel per unit mass on
oxidation and its supply would be limitless—there are aspects to
its use that represent obstacles and challenges. One challenge is
storage of H, since it is not a readily condensible gas. In the
process of liquefaction of H,, which is currently done in industry
for convenient and inexpensive delivery, approximately one-third
of its value as a fuel is consumed (19). A second challenge is the
distribution of hydrogen to filling stations for transportation, which
is a larger consumer of energy than electricity generation. Fuel cell
electric vehicles (FCEVs) running on hydrogen need filling sta-
tions delivering H, at 70 MPa pressure. As of 2018, there are ~50
such fueling stations in California to support a limited number of
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Schematic diagram of a tandem dye-sensitized photoelectrosynthesis cell (DSPEC) for solar-driven water splitting into H, and O,. The water oxidation catalyst

and water reduction catalyst are abbreviated as WOC and WRC, respectively, while the chromophore for each half-reaction is indicated as Ch. Light excitation,
electron transfer, hole transfer, and proton migration are illustrated by green, blue, pink, and gray arrows, respectively. Reprinted with permission from ref. 16.

Copyright 2016 American Chemical Society.
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FCEVs as a pilot project for their use in carbon-free trans-
portation. It should be noted that Japan has undertaken a major
long-term commitment to FCEVs with projected numbers of cars
and fueling stations over the next 8 y of 800,000 and 2,000, re-
spectively (20). There are also commuter scale fuel-cell electric
trains made by Alstom operating in Germany (21, 22). All of these
efforts are in addition to the rapidly growing electric vehicles sector
which is based on batteries rather than fuel cells for operation.

Once H, can be generated by PV-driven water electrolyzers, it
can replace the hydrogen now used in industry and produced by
reforming natural gas (with attendant CO, generation). The largest
industrial process using hydrogen is Haber-Bosch ammonia syn-
thesis; it produces 4.5 x 10° kg of NH; for agriculture and food
production, with global consumption of 3 to 5% of natural gas
annually. The process is critically important in making nitrogen
biologically available on the scale needed to feed the planet’s
inhabitants. The role that ammonia plays in today’s world may
also expand greatly in the energy landscape of the future as a
source of “stored” hydrogen (23). Ammonia as a possible fuel
has long been recognized (although not widely used) and the
thermodynamics of its formation support its possible role as a
stored hydrogen source. In view of the fact that the handling of
ammonia on a large scale is already done, it may lend itself
better for distribution of H, to centers for FCEVs in place of
liquefied hydrogen. However, much more research remains to be
done, most notably in the source of hydrogen used in ammonia
synthesis and any heating necessary to run the process cannot
come from natural gas as is currently done.

A different strategy for reducing the annual amounts of CO,
entering the atmosphere from hydrocarbon fuel oxidation was
described as “carbon capture” in which the CO, exhaust is captured
at the power plant and then sequestered in some manner (24).
Yablonovitch discussed this “negative carbon” strategy based on a
relatively simple cost analysis and then suggested that the best way
to carry this solution to completion would be to bury the generated
CO,. In other talks, Lynd and Nocera considered a strategy of
using modified organisms to reduce CO, to carbohydrate levels of
chemical potential so that such compounds could be used as energy
sources. In that way, the use of such fuels would be carbon-neutral—
allowing CO, reduction to produce fuels that upon oxidation
regenerate the same amount of CO,. A system from the Nocera
laboratory is shown in Fig. 6 in which hydrogen produced from
water splitting is consumed by Ralstonia eutropha to grow and
produce biomass, or for more highly engineered versions to pro-
duce liquid fuels such as isopropanol (25, 26).

The interconversion of compounds from carbon oxygenates to
carbohydrates and other reduced carbon compounds was dis-
cussed by Goldberg in terms of challenges in catalysis of such
CO, reduction reactions and how these transformations could be
conducted through the development of new selective catalysts.
Details can be found in their respective talks available at the
Colloquium website.

A distinguishing feature of the Sackler Colloquium was the
presence of 2 panel discussions at the end of the presentations
each day during which questions, comments, and opinions could
be far-ranging and proceed beyond the scope of usual discussions
at scientific meetings. Each panel discussion created lively in-
teraction between the audience and speakers. One provocative
topic was the outlook for achieving decarbonization in the short
time scale needed to prevent critical climate change. The goal of
long-duration energy storage is a significant barrier to decarbon-
ization of the electricity grid. Li-ion batteries now in the planning
stage typically have a 4-h discharge time, enough to shift afternoon
solar electricity into the evening, or to cover a calm afternoon
when the wind may not blow. However, much longer duration
storage is needed to bridge the weekday-weekend demand dis-
parity, the daily and weekly weather patterns of calm, cloudy or

Eisenberg et al.
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Fig. 6. (A) Bioengineered energy conversion scheme illustrating how H,
generated by solar water splitting is used in tandem with R. eutropha to pro-
duce an oxygenate fuel (isopropanol). (B) The plot illustrates the thermody-
namics of the half-reactions and the overpotentials needed for the different
steps. Reprinted with permission from ref. 25.

inclement days, outages from extreme weather damage, and sea-
sonal variations in heating and cooling demand (10).

Discussion on the relative merits of batteries vis-a-vis storage of
hydrogen produced via artificial photosynthesis or PV-driven
electrolysis illustrated not only the scientific challenges but also
the importance of low cost in driving widespread deployment.
While batteries and PVs are the poster children for rapid cost-
driven deployment, each was enabled by long incubation periods
required to understand the fundamental materials and phenomena.
The importance of such discovery periods is seen in other sectors
such as fracking and light-emitting diodes that exhibited wide-
spread deployment following rapid cost reductions. In various ways,
although artificial photosynthesis and electrocatalysis are still in
their fundamental science and discovery modes, shorter timelines
to practical implementation need to be achieved.

The importance of strong cross-disciplinary interaction to facili-
tate progress was highlighted frequently. The fundamental electro-
chemistry that underpins research in batteries, fuel cells, catalysis,
and photosynthesis provides a common connection among scientists
pursuing different approaches in energy decarbonization research.
We all agreed that finding ways to share information and ideas
across fields is critical to advancing the pace of discovery and in-
novation. One platform for sharing information and stimulating
ideas is numerical simulation of molecules and materials before
they are made in the laboratory. There are now many extensive
databases of equilibrium properties of materials and molecules such
as crystal, molecular, electronic, and magnetic structures, formation
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energies, ionization potentials, and electron affinities (27-29). These
databases enable fast screening of thousands of materials or mol-
ecules for the most promising candidates for a given application.

Materials simulations can be taken to the next level with 2
game-changing advances. The first is a single interactive search
engine that can access the many separate databases created and
maintained by distinct research groups. Google is a prime ex-
ample: It collects data from far-flung sources and sorts and
presents information in seconds in response to a search request.
A Google-style search engine able to access all of the special-
ized materials and molecular databases and sort the search
results quickly would accelerate the generation of new ideas
and allow them to be evaluated on much shorter time scales
than is now possible.

The second advance for materials simulations is moving be-
yond equilibrium properties of perfect materials and molecules
to embrace defects, disorder, doping, dynamics, mobility, excited
states, metastable phases, and chemical reactions. These are all
critical features of realistic systems that are mostly beyond the
reach of existing high-throughput simulations. Given large-
enough computers, some of these properties, such as defects,
disorder, and doping, can be simulated now. Others, such as
dynamics, excited states, metastable phases, and chemical re-
actions, require formulation of new computational approaches
to become mainstream. Machine learning and artificial intel-
ligence, long used for drug discovery but only now being ap-
plied to materials for energy, can reveal hidden correlations
among materials and properties for which there is no good first-
principles understanding, such as excited states and nonequilibrium
dynamics (30). Simulations beyond equilibrium properties, now
imaginable but not yet reduced to practice, would greatly acceler-
ate the discovery of new materials and phenomena for decarbon-
ization and help drive the cost reductions needed for widespread
deployment.

In an article for the World Economic Forum entitled “Where
Will Our Energy Come from in 2030 and How Green Will It Be?”
Katherine Hamilton, director of the Project for Clean Energy and
Innovation and cochair of the Global Future Council on the Fu-
ture of Energy, stated the following (31):

The energy sector is already changing very rapidly. It is transitioning,
we hope, towards greater ability to meet the energy needs of a
growing global population with reduced use of carbon, supporting
continued economic growth in an environmentally sustainable way.

But that transition will not necessarily happen on its own. We need to
get key players in the same room who can bring different experiences
and perspectives, and collectively come up with better ideas than any
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of us could on our own — and then work out how to implement those
ideas. Hence the need for this Global Future Council.

Who are the key players that need to be involved?

The incumbents are important, of course—the large energy companies
who own and control the infrastructure, especially in industrialized
countries. They are often criticized as being part of the problem, but they
also have to be part of the solution. In addition, we need the innovators—
entrepreneurs who are coming up with ideas to disrupt the sector. And
we need input from energy consumers, including large corporations and
municipalities.

Representatives of the financial sector are important—experts in bonds,
risk and insurance. There is plenty of capital out there looking for good
projects to finance, but the main constraint for investors is the assurance
that those projects will find a market. Creating certainty is one im-
portant thing politicians and policymakers can do to help—and it is they
who, ultimately, will need the vision to define goals for the energy sector
and devise policies to achieve them.

The final points made by Hamilton are similar to ones raised by
Moniz and Majumdar in establishing a structure to support and
promote innovation. However, there was a conspicuous absence of
“scientists” in Hamilton’s key players. Such individuals are the
researchers who discover and develop promising new materials
and methods for energy conversion and storage on which future
energy technology will be built. The science presented in the
Sackler Colloquium included discoveries of more efficient mate-
rials for light absorption, membranes for separation of oxidation
and reduction sides of energy-storing reactions, insight into the
photophysics and photochemistry that leads to electrical current
and/or stored chemical potential, and methodologies and systems
for reversibly storing and converting energy into useful work.
While great strides have been made over the last several decades
in all aspects of “energy science,” the timeframe indicated by IPCC
for large-scale implementation of carbon-free energy has been
greatly compressed. Many key challenges in the science of energy
decarbonization remain, and with a more compressed timeframe
for us to achieve this goal, the linking of fundamental science to
technology at scale needs to be emphasized over the near term.
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